Abstract Mesoscale convective systems (MCSs) produce some of the most intense rainfall on the planet, and their response to climate variability and change is rather uncertain. Under global warming, increased water vapor is expected to intensify the most extreme rain events and enhance flood frequency. However, MCS dynamics are also sensitive to other atmospheric variables, most notably, wind shear. Here we build on a recent study showing strong MCS intensification in the African Sahel, and examine evidence of similar trends elsewhere in tropical Africa. Using satellite data, we find a remarkable increase post-1999 in intense MCS frequency over the Congo Basin during the month of February. This earlier onset of the spring rainy season has been accompanied by strong increases in the February meridional temperature gradient and associated wind shear. This supports the hypothesis that contrasts in warming across the continent can drive important decadal-scale trends in storm intensity.
Introduction
Understanding the relationships between intense rain events and the larger-scale climate is a major challenge for scientists. Under global warming, the most intense events are expected to strengthen due to increased humidity. Intensification of rainfall extremes potentially enhances flood frequency and increases soil erosion, important factors for decision makers in infrastructure and agriculture. A large body of research has examined observational trends in extreme rainfall (Min et al., 2011; Westra et al., 2013) , scaling relationships with temperature (Kai et al., 2017; Lenderink & van Meijgaard, 2008) , and future projections in intense rain (O'Gorman, 2015; Westra et al., 2014) .
A complication for our physical understanding of this problem comes from mesoscale convective systems (MCSs; Houze, 2004) , characterized by organized mesoscale dynamics. In particular, the extent to which MCS rainfall intensity is controlled by atmospheric moisture remains an open question (Muller, 2013; Prein et al., 2017; Singleton & Toumi, 2013) , not least because wind shear also affects organized convection (Alfaro, 2017; Rotunno et al., 1988; Thorpe et al., 1982) . Highly organized MCSs are the major rainbearing rainfall systems across much of tropical Africa (Jackson et al., 2009; Nesbitt et al., 2006) . In the Sahel, MCSs produce approximately 90% of total precipitation (Mathon et al., 2002) , falling to 56% at the Guinea Coast (Maranan et al., 2018) . Taylor et al. (2017; henceforth T17) identified a tripling in the frequency of intense Sahelian MCSs observed over the last 35 years, a trend with important hydrological consequences. They estimated a decrease in the mean cloud-top temperature of Sahelian MCSs of 0.78°C per decade, consistent with deeper, more energetic convective updraughts, and more intense rainfall. Rather than humidity, T17 proposed that the trend in meridional temperature gradient (driven primarily by increasing greenhouse gas concentration) was the key driver. As in other arid low-latitude regions, the Sahara has been warming more rapidly than moister tropical regions (Cook & Vizy, 2015; Zhou, 2016) , and this trend is projected to continue. For the Sahel, which lies between the Sahara and the moist tropical forests of the Congo Basin and Guinea Coast, this implies increasing baroclinicity. T17 argued that this can affect MCS intensity via increased wind shear, midtropospheric temperature, relative humidity, and synoptic activity.
According to T17, trends in African MCS intensity are most pronounced during the Sahelian wet season (June-September), although significant signals in sub-Sahelian West Africa during other seasons were found. They found no evidence of widespread trends at the seasonal or annual time scales in the Congo Basin, a region known for very intense convection and lightning associated with westward propagating MCSs (Albrecht et al., 2016; Zipser et al., 2006) . However, Raghavendra et al. (2018) subsequently identified a trend toward more intense thunderstorms in the Congo Basin during the April-June season (AMJ). In this paper, we use a similar approach to T17 to examine sub-Sahelian MCS trends and their relationship with meridional temperature gradients; such analysis can shed light on the role of forced versus natural climate variability in changing hydrological extremes. In the next section, we describe the data sets, then assess the relationships between monthly trends in temperature and MCS intensity. Motivated by the strong trends found in these variables during February, the remainder of the paper focuses on this month, which marks the onset of the intense MCS season in the northern Congo Basin.
Data
The primary data used are cloud-top temperatures from thermal infrared measurements onboard the Meteosat series of geostationary satellites for the period 1982 to 2016. The Meteosat programme was designed for operational weather forecasting rather than the climate community, and the original data set contains discontinuities and biases associated with changes in satellite and instrument drifts (Maidment et al., 2014) . To minimize the influence of these artifacts, we use the reprocessed GridSat Climate Data Record version (Knapp et al., 2011) available every 3 hr at a resolution of 0.07°. Data are available from 1982 onward, though in the early years there are periods of no observations. The data set benefits from an absolute calibration using radiometer measurements from polar-orbiting satellites, and a second crosscalibration with an infrared radiation sounder (Knapp, 2008) . The estimated calibration uncertainty in the temperature is less than 0.1°C per decade.
Following T17, we define MCSs as contiguous areas of cold cloud exceeding 25,000 km 2 for a given temperature threshold. At the event time scale, MCSs at colder thresholds (higher altitudes) are associated with an increased probability of intense rainfall (T17, Klein et al., 2018) . Here we focus on thresholds of À40 and À70°C and term these systems respectively MCSs, and intense MCSs. We sample these systems every 3 hr between 1500 and 0300 UTC, a period that includes most intense MCS activity. For presentation, most of the analysis is based on images at 1800 UTC. This corresponds to a local time of between 2000 (30°E) and 1720 (10°W) and follows the maximum vertical extension phase (Futyan & Genio, 2007; Proud, 2015) . Similar results are obtained using an alternative areal threshold of 5,000 km 2 , and using images at 2100
and 0000 UTC (mature phase), though the frequency of MCSs decreases as the night progresses. Coverage of MCSs (%) is computed at the 1°scale, based on the fractional area containing pixels within contiguous cold cloud structures, while MCS frequency (per day) is computed from the average number of discrete MCSs centered within a specified larger region over a month. Months are excluded where five or fewer days of data are available; sampling at 1800 UTC, this amounts to only 4 out of 420 months. Previous work (T17) has shown that this measure of MCS frequency is robust to changes in measurement technology, notably the transition from Meteosat First to Second Generation, which occurs in July 2006 in the GridSat data set. Finally, the MCS temperature is defined as the mean temperature of pixels within a system defined with a À40°C threshold and is considered a measure of convective intensity.
We characterize long-term trends in temperature using several observational data sets. The CRU TS4.01 data set (Harris et al., 2014) provides a gridded compilation (0.5°resolution) of monthly mean 2 m temperatures, available until 2016. The contributing network of stations is heterogeneous across Africa, with notably few stations within the Congo Basin and the Sahara Desert. More spatially consistent information on temperature trends can be obtained from spaceborne microwave sounding instruments, and we use the MSU compilation (Christy et al., 2000) version 5.6. This provides a temperature estimate of the lowest 8 km of the column but weighted heavily toward the bottom 3-4 km. We also use monthly compilations of global land (CRUTEM4; Jones et al., 2012) and ocean (HadISST; Rayner et al., 2003) temperature gridded at 5°and 1°respec-tively. To complement these data we use the ERA-Interim (Dee et al., 2011) atmospheric reanalysis product. The network of available rain gauges in central Africa is sparse and compromises the quality of gaugebased trends of monthly rainfall in products such as CRU TS4.01. Instead, we use the TRMM3B43 rainfall product, based on merging data from multiple satellites (including Meteosat) with gauges where available, covering the period from 1998 to the present (Huffman et al., 2007) .
Results

Annual Cycle
The seasonal migration of intense MCS activity is depicted in Figure 1a , sampled at 1800 UTC, zonally averaged over land points between 15°W and 28°E. A band of intense MCS occurrence advances northward from February to August, in phase with the rain belt. During the southward retreat, particularly during October to January, cloud-top temperatures within the band are notably higher, as evident from lower intense MCS coverage. This seasonal asymmetry in intensity coincides with an asymmetric evolution of the AEJ in the Northern Hemisphere (stronger easterlies during the northward advance), suggestive of a shear control on the seasonal evolution of MCS intensity. The link to shear is consistent with analysis over southern West Africa (Maranan et al., 2018) and the Congo Basin (Laing et al., 2011) . Significant positive trends in MCS cover are evident over much of the band north of 5°N, particularly during the Sahelian wet season (12-18°N, June to September). By contrast, only during the months of February and April are widespread significant trends evident over the Congo Basin (defined as 5°S to 5°N). In February, the Congo signal amounts to a 114% increase over 35 years compared to the mean for that period. By the same measure, there is a 127% increase for the Sahelian wet season (June-September), and a 41% increase in April over the Congo. This monthly analysis indicates that the trend for AMJ identified by Raghavendra et al. (2018) is dominated by an increase in April, which in turn is weaker (markedly so in relative terms) than the positive trend in February.
Trends in zonal mean surface air temperatures ( Figure 1b ) are generally positive (P < 0.05) across Northern Africa, and are particularly strong to the north of the MCS belt. The strongest warming trend occurs ahead of the hottest months of the year, with more modest warming in the months following the rainy season. Strong warming also occurs in the Sahara (20-30°N; Evan et al., 2014) , particularly July-September (Vizy & Cook, 2017) , though observations used in this particular gridded data set are too sparse to provide reliable regional trends there. The strong warming trend in more arid regions and seasons is consistent with anthropogenic forcing (Zhou, 2016) . By contrast, wet season temperature trends are weak south of the Equator and also in the Sahel at the peak of the monsoon. After the wet season, transpiration persists for several months, buffering any potential anthropogenic warming of the planetary boundary layer (PBL). Given relatively weak warming in the moist tropics throughout the year, the above changes produce stronger meridional temperature gradients. The month of February stands out, with Sahelian warming driving an increase in land temperature contrast of 0.62°C between the equator and 15°N over 35 years. This coincides with the strongest increase in the AEJ (more than 3 m/s over 35 years), and as noted above, strong MCS intensification in the Congo. Taken together, these data support the hypothesis that warming in North Africa's semiarid and arid regions (relative to the moist tropics) can increase convective intensity within the migrating rain belt, via increases in wind shear. Compared with other months, February provides particularly strong trends in baroclinicity, and we therefore focus the remainder of the study on that month, which corresponds to the onset of the MCS season in the moist tropics of Northern Africa.
Trends and Correlations in February MCSs
The February trends in intense MCS coverage and temperature across Africa are shown in Figure 2 . The largest trends (in absolute terms) in MCSs at 1800 UTC occur in the eastern Congo Basin, in areas where MCSs preferentially initiate during the afternoon. The maximum in the trend appears progressively further west when sampling later in the evening and overnight (not shown), moving westward with the systems themselves (Laing et al., 2011) . Temperature data from three different sources (gridded in situ observations, reanalysis, and lower tropospheric soundings from satellites) all indicate that the strong warming in Sahelian latitudes is more pronounced in the east, though the details amongst the data sets differ. Averaged over the lower troposphere (Figure 2d ), the temperature trend is weaker than at the surface, consistent with maximum warming within the PBL. Maximum warming rates occur to the north of the February climatological heat low (located at 5-10°N; Lavaysse et al., 2009) . The similarity of the three warming patterns lends confidence to the existence of a particularly strong trend in the meridional temperature gradient during February. The trend in intense MCSs is far from linear over the 35-year period (Figure 2a, inset) . For the first half of the record (to 1998), there is on average one intense MCS every 3.7 days in the northern Congo Basin at 1800 UTC. From 1999 to 2016, that frequency nearly doubles, to one event every 2 days, an increase significant at the 99.9% level. By contrast, the average frequency of all MCSs (defined at a temperature threshold of À40°C) shows no increase between the two periods. There is no similar jump in intense MCSs in other months from 1998 to 1999, and it therefore seems unlikely to be an artifact of the Meteosat measurements. Moreover, the increase in intense storm frequency coincides with a shift to higher February temperatures in the Eastern Sahel (Figure 2b , inset; difference of 2.2°C between the two periods). The relationship between intense MCS frequency and monthly rainfall can be assessed using TRMM3B43 data from 1998 onward. Averaged over the Northern Congo region, February rainfall is well correlated (r = 0.66, p < 0.005) with intense MCS frequency sampled at 1800 UTC, becoming more so (r = 0.74, p < 0.001) when extending the sampling window from 1500 to 0300 UTC. This implies that the shift to more intense February MCSs from 1999 onward is likely associated with an earlier onset of the rainy season in the N. Congo. The length of wet and dry seasons is an important constraint on plant productivity for tropical forest, and the improvement in growing conditions in February may have partially offset the deleterious effects of the more recent drying trend during AMJ (Zhou et al., 2014) . Unlike in February, we find no significant correlation between monthly rainfall and intense MCS frequency during AMJ, consistent with the results of Raghavendra et al. (2018) .
We now consider temporal correlations between February-mean MCS temperature (a proxy for MCS intensity) and key atmospheric variables in ERA-Interim. On average, MCS temperatures are 2.15°C colder in the second half of the period (Figure 3c , inset). As expected from the discussion above, there is a strong positive correlation between PBL temperature (850 hPa) in the Eastern Sahel, and Congo MCS intensity (Figure 3a) . A significant negative correlation between those variables also exists across northwestern Africa. Overlying the warmer PBL in the E. Sahel, anticyclonic flow at 600 hPa strengthens. This circulation enhances the AEJ (between 2 and 6°N) during years with intense Congo MCSs. At 925 hPa (Figure 3b ), the extension of the heat low into the Sahel drives anomalous southwesterly flow between 5 and 10°N. The moisture convergence associated with this anomaly accounts for the increased low-level moisture over the Central African Republic and northern Cameroon. The spatial structure of the Sahelian PBL temperature anomaly closely resembles a pattern of increased downward (and upward) long-wave fluxes at the surface (Figure 3c ). South of 10°N, the long-wave signal is associated with increased cloud cover (not shown), but to the north, the PBL is very dry (mean of less than 4 g/kg; Figure 3c ), and there is almost no cloud cover.
The intensification of MCSs is correlated with a large scale anomaly pattern in upper-level geopotential height (Figure 3d ). Stronger MCSs are associated with positive 300-hPa heights over North-Western Russia, North-Eastern Africa/Arabia, and Southern China, and negative values over central Europe. This pattern resembles the negative phase of the Eastern Atlantic/Western Russia pattern (Figure 3c in Ionita, 2014) , which has exhibited a negative trend over the last 20 years in February. More intense Congo MCSs are also correlated to SSTs in the North Atlantic and Arctic Oceans (Figure 3d ), notably the strong warming in the western tropical and subtropical Atlantic, south of Newfoundland and in the European Arctic (e.g., Huang et al., 2018) . Potential links between MCS intensification and these decadal-scale features of the global climate merit further study. In summary, more intense Congo MCSs are correlated with an upper-level anticyclone over North-Eastern Africa, a northward excursion of the heat low into the Eastern Sahel, and associated enhanced midlevel easterlies on its southern flank.
Event-Based Analysis
Using ERA-Interim, we now compare days when intense and weak Congo MCSs are observed. For every February day at 1800 UTC, we compute the mean temperature of MCSs in the North-Eastern Congo (0-5°N, 20-28°E). We choose this region as it exhibits high values in both the mean and trend of intense MCSs. To minimize the impact of longer-term trends, only events from 2007 to 2016 are used. Days with MCS coverage less than 10% are excluded (51 out of 283 days). We then create two subsets, based on days with the most intense (coldest quartile, mean = À58.1°C) and least intense (warmest quartile, mean = À50.5°C) events. Figures 4a and 4b illustrate the mean humidity and zonal wind profiles averaged across the North-Eastern Congo for the two composites. Days with intense MCSs are on average 1.9 g/kg moister below 850 hPa than their weak counterparts and exhibit a stronger (2.6 m/s) AEJ. Both of these factors likely favor more intense MCS.
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Differences in evolving synoptic features between the two subsets are shown in Figures 4c-4h . At 5 and 3 days ahead of an intense event (Figures 4e and 4f) , enhanced 300-hPa heights are evident over NorthEastern Africa and the Middle East, as part of a wave train from the extratropical Atlantic Ocean (e.g., Figure 4g ). Over North-Eastern Africa, this triggers strong warming and enhanced southerly wind anomalies at 850 hPa. By day À3, low-level composite temperature differences exceed 4.5°C in parts of the Eastern Sahel and Sahara (Figure 4f ). In subsequent days, the low-level warm feature propagates equatorward into the Eastern Sahel, and away from the weakening upper level ridge (Figures 4c and 4g ). This propagation may be linked to enhanced advection of warmer air from the climatological heat low (5-10°N). The timing and location of warming also suggests a role for moisture convergence and resulting changes in long-wave radiative processes, with increases in PBL moisture and surface (downward and upward) long-wave fluxes of the order of 0.5 g/kg and 15 W/m 2 respectively averaged across the E.
Sahel (not shown). Irrespective of the detail of its propagation mechanism, when the warm anomaly reaches 12°N (days À1 to 0; Figure 4c) , its presence has an important impact on the environment in which Congo MCSs develop. A warmed E. Sahel drives enhanced moisture convergence into central Africa north of the Equator and increases shear through stronger midlevel easterlies. The effect of these changes are evident in Figures 4a and 4b , respectively.
The location of the heat low anomaly in the days preceding intense Congo MCSs (e.g., Figure 4f ) is strikingly similar to that of the warm feature identified from interannual correlation (Figure 3a) , and to some extent, to the long-term warming trend (Figure 2) . We infer that the passage of mobile synoptic waves from the . Panels (e) to (h) show differences in wind (vectors) and temperature (shading; both at 850 hPa), and 300 hPa geopotential height (contours) between intense and weak MCS at midday on days À5 (e), À3 (f), À1 (g), and +1 (h) relative to the MCS event. Differences are only plotted where significant at the 95% level according to a two-sample t test. MCS = mesoscale convective system. extratropics triggers strong multiday warming episodes over North-Eastern Africa, exciting the climatological patterns seen in Figure 3a . This provides a mechanistic explanation for the interannual correlations between the upper-level wave pattern, low-level warming in the Eastern Sahel, and intense MCSs in the Congo ( Figure 3) ; years with strong propagating wave activity in North Africa trigger quasi-stationary warming events in the Eastern Sahel, which in turn provide favorable conditions for deeper equatorial MCSs to develop.
Wintertime tropical-extratropical interactions and associated processes related to rainfall anomalies have been studied over West Africa (Cornforth et al., 2017) and the Ethiopian Highlands (Bekele-Biratu et al., 2018; Diro et al., 2011) , but to the best of the authors' knowledge, an extratropical link to equatorial MCSs has not previously been found. In West Africa, a northward shift of the wintertime heat low in response to subtropical wave patterns has been noted by Knippertz and Fink (2008) , triggering a flux of moist air inland, and dry season rains. However, none of these studies considered the role of wintertime Sahelian warming in enhancing wind shear.
Summary and Discussion
Motivated by a previous Sahelian study of MCS intensification, we have examined the relationships between meridional temperature gradient, wind shear, and MCS intensity through the annual cycle in West and central Africa. This analysis highlighted a dramatic rise in intense MCS frequency in February in the N. Congo, accompanied by strong surface warming to the north during that month. Rather than a gradual trend over the 35-year record, both variables exhibited marked increases around 1999; intense MCS frequency increased from one every 3.7 days to one every 2 days, while surface temperatures rose by 2.2°C in the E. Sahel. As in the Sahelian study, Congo MCS intensification is well correlated with baroclinicity trends, associated with strong warming to the north of the rain belt. Warming in the Eastern Sahel enhances the AEJ over the Northern Congo, providing a more strongly sheared environment favorable for intense MCSs. Event-based analysis strongly supports the link between baroclinicity and MCS intensity; in the days ahead of strong MCSs, temperatures in NE Africa are more than 4°C warmer than ahead of weak MCSs. The temperature gradient enhances shear and moisture convergence in the N. Congo, both of which likely contribute to more intense organized convection.
A striking aspect of this analysis, and one that certainly merits further investigation, is the seasonality of observed warming, which in turn we assume to be driving MCS intensification. The trend in February warming in the Eastern Sahel is linked to an upper-level geopotential height pattern covering western Eurasia, North-Eastern Africa, and the Middle East. This pattern is reminiscent of the Eastern Atlantic/Western Russia that affects European hydroclimate in later winter/early spring (Ionita, 2014) . The zone of maximum warming coincides with a very dry atmosphere yet is in close proximity to much moister conditions ( Figure 3c ). As in the Sahara during the summer monsoon (Vizy & Cook, 2017) , the radiative balance in the Eastern Sahel during February is very sensitive to moisture convergence, and radiative feedbacks may enhance dynamically triggered warming. In subsequent months, the observed warming trend in North Africa becomes more zonally uniform, and we speculate that increasing baroclinicity over West Africa may be contributing to long-term MCS intensification within the Guinea Coast region at latitudes where the AEJ provides strong shear, as suggested by Figure 1 . The change in MCS properties during February corresponds to an earlier onset in the intense MCS season over Equatorial and North Africa and is correlated with increased February rainfall. The magnitude of the trends in frequency and temperature for February approach the values found by T17 in the Sahel during the monsoon months of June to September. However, there are important differences between the two studies, notably in the timing of the signal, and its relationship with midlatitudes. Considering timing, a consistent long-term trend in the Sahel dominates over interannual variability, giving rise to strong correlations with global temperature, suggestive of greenhouse gas effects. By contrast in the Congo, there is a notable jump in MCS intensity in 1999, suggesting a dominant role for decadal-scale coupled ocean-atmosphere variability. The nature of that variability, and the extent to which it is a response to anthropogenic forcing, is an important question that remains to be tackled. Second, we highlight a key role for the extratropics in triggering warming in North-Eastern Africa, via an upper-level wave train. At low levels, the warm anomalies propagate southward, extending the heat low into the Eastern Sahel and exciting a quasi-stationary pattern which projects onto the climatological signal. The enhanced heat low generates additional shear and drives moisture advection into the Congo Basin from the south. The driver of the long-term February warming trend in the Eastern Sahel and resulting MCS intensification appears to be upper-level circulation changes over North-Eastern Africa. Their underlying mechanism remain unclear, as does any potential link to greenhouse warming. Considering future projections across North Africa however, anthropogenic emissions of greenhouse gases are projected to drive enhanced warming in arid and semiarid regions (Zhou, 2016) . This is expected to enhance the AEJ and may make shear-sensitive MCSs more efficient at generating intense rain (Alfaro, 2017) . As in T17, future trends in extreme rainfall from African MCSs may therefore be controlled by the interplay between withinstorm processes and the larger-scale dynamics, as much as by trends in atmospheric moisture. This presents problems for large-scale climate models, which are unable to represent storm dynamics accurately.
